Abstract Purpose This study tested a prediction stemming from the hypothesis that anastrozole users experience heightened vitreo-retinal traction. This hypothesis was based on the knowledge that menopause increases the risk of intraocular tractional events such as posterior vitreous detachments (PVDs). Methods Retinal thickness was measured for 3 groups of amenorrheic women: (1) anastrozole users and (2) tamoxifen users undergoing adjuvant therapy for early-stage breast cancer, and (3) control subjects not using hormonal medication. Foveal shape indices were derived for subjects without PVDs. Results For anastrozole users, the distance to the temporal side of the fovea became less than the distance to the nasal side at a sufficient height above the foveal base. This effect did not exist for control subjects; the between-group difference was appreciable. Results concerning tamoxifen users were inconclusive. Conclusions The foveas of women using anastrozole appear to be subjected to more tractional force than are the foveas of women not using any hormonal medication.
Introduction
Adjuvant endocrine therapy for early-stage hormonereceptor-positive breast cancer has changed over the last several years for post-menopausal women [1] , as aromatase inhibitors (AIs) supplant or succeed the longstanding goldstandard, the selective-estrogen-receptor-modulator (SERM) tamoxifen. Although breast cancer recurrence rates are reduced [2] , side effects due to AI-induced estrogen depletion are common [3] [4] [5] since estrogen receptors are ubiquitous and have many physiologic roles [6] .
The retina contains estrogen receptors [7] , and there is evidence that naturally occurring estrogen reductions can increase vitreo-retinal traction. In particular, macular holes (which target the fovea but are rare) and posterior vitreous detachments (PVDs, which can be more diffuse and are common) each occur more often for women than for men [8, 9] and are menopause-related [10, 11] . Each condition involves the development or action of tractional forces at or within the retina [12, 13] . These considerations suggest that AI-induced estrogen depletion may lead to heightened vitreo-retinal traction.
Although tractional forces within the eye cannot be measured directly in humans, highly precise retinal thickness measurements can be obtained using commercially available intraocular imaging devices, and these thickness measurements then can be used for deriving indices of foveal shape that capture the action of tractional forces that distort the vitreo-retinal interface. This is the approach used in the present study to evaluate the hypothesis that anastrozole-the most commonly used AI-leads to heightened vitreo-retinal traction. To make these measurements, we employed optical coherence tomography (OCT), a technology that is revolutionizing the way in which the retina is examined [14] .
For this study, we derived indices of foveal shape for three groups of amenorrheic women: anastrozole users, tamoxifen users, and age-matched (middle-age) control subjects not using hormone replacement and with no histories of breast cancer or medication for breast cancer. We tested the prediction that foveal shape distortions are present to a greater degree for anastrozole users than for control subjects, and we aimed to determine whether salient differences exist between anastrozole users and tamoxifen users. In addition, we used OCT to detect PVDs, which is necessary before evaluating potential effects of vitreo-retinal traction on foveal shape. We had shown previously that anastrozole users are more likely than tamoxifen users and control subjects to have small retinal hemorrhages [15] , and it is important to understand in their own right the factors that might contribute to the development of these hemorrhages.
Methods

Subjects
Data from three groups of women ages 47-69 years old are reported: (1) women using 1 mg anastrozole daily as adjuvant therapy, (2) women using 20 mg tamoxifen daily as adjuvant therapy, and (3) a control group of women not using any hormonally acting medications. All subjects were amenorrheic for at least 6 months and all anastrozole users were post-menopausal. There were 27 anastrozole users, 40 control subjects, and 25 tamoxifen users who met all the eligibility criteria and for whom OCT scans were of acceptable quality. The mean ages and durations of medication use are provided in Table 1 for each entire subject group and also for each group subdivided according to the presence or absence of PVDs. The tamoxifen users were the only subject group for whom a demographic variable was related to the presence of a PVD, with the mean duration of medication use being 1.5 years greater for tamoxifen users with PVDs than without PVDs. No tamoxifen or anastrozole user had taken her medication for [5 years or \4 months.
All tamoxifen and anastrozole users had completed primary treatment for early-stage breast cancer, and all were able to perform their daily activities without restriction. None of the anastrozole or tamoxifen users had previously used a different adjuvant endocrine therapy, and none of the control subjects had previously used endocrine breast cancer medication, although two had had breast cancer. No subjects had ever used the SERM raloxifene.
All subjects met a rigorous set of eligibility criteria concerning ocular health, described previously [16] [17] [18] [19] . The most salient criteria are: (i) best-corrected visual acuity of 20/20 or better in one eye and 20/25 or better in the other, (ii) no evidence or suspicion of eye disease, (iii) no diabetes, (iv) no myopia [5 diopters, (v) no use of medication (other than anastrozole [17] or tamoxifen [20] [21] [22] ) known to affect vision, and (vi) no ocular surgery. Subject recruitment has been described previously [20, 23] . Recruitment information specified that ''normal reading vision (corrective lenses OK)'' was required. The study adhered to the tenets in the Declaration of Helsinki and was approved by the OHSU Institutional Review Board and the OHSU Cancer Institute. Written informed consent was obtained from all subjects before testing.
Procedures
Demographic and ophthalmologic data were collected using methods reported previously [15, 19] . Visual acuity and refractive error were measured for each eye using a Humphrey Automatic Refractor/Keratometer model 599 (Carl Zeiss Meditec Inc., Dublin, CA).
Retinal thickness along a 5-mm horizontal scan line through the fovea was measured using standard procedures with the Stratus Ò OCT (Carl Zeiss Meditec Inc., Dublin, CA) [24] . One eye per subject was tested. This test eye was chosen according to a 3-step procedure, applied in the following order: (i) the eye with the better acuity, (ii) the eye with less refractive error, (iii) subject preference. Only scans with a signal strength C7 (out of 10), as provided by the Stratus Ò software (version 4.0) were assessed for this paper. Scans with evident artifacts (e.g., misidentification of retinal boundary lines) were excluded. Each 5,000-lm horizontal line scan (the ''B-scan'') was comprised of 512 ''A-scans'' corresponding to the retinal thickness at discrete intervals across the B-scan. These 512 retinal thickness values were exported to a statistics/ graphics package (SYSTAT 11.0, San Jose, CA) for subsequent analysis for this paper. In addition, for each eligible subject, we visually examined the Stratus Ò OCT images themselves for the presence of PVDs, as indicated by the presence of vitreous strands or filaments connected to or situated above the retinal surface [12, 25] . The images were viewed with the graders (author EJT, author AE confirming) masked from identifying subject information. All determinations described next were likewise made with the investigators masked.
For each acceptable scan, we determined the locus of minimal retinal thickness relative to the center of the Bscan, which in the absence of artifacts corresponds to a subject's point of fixation on the OCT target. This determination was made using the graphics capabilities of SYSTAT along with corresponding numerical spreadsheet data. In most cases, the locus of minimal thickness was defined as the center of the range of points (i.e., A-scans) with minimal thickness. Isolated points in the interval spanned by that range but with a thickness 1 or 2 lm different from the majority of points in the range were considered part of the range. When an isolated minimum value was separated by more than two points from a range of minimum values, the isolated point was excluded from the calculations. In the few cases when a range of minimal thicknesses did not exist, a single point with minimal thickness was validated as the correct choice by extrapolating from the nearby nasal and temporal foveal slopes.
After the locus of minimal thickness was determined, we calculated the lateral distance from that locus to the foveal slopes in both the nasal and temporal directions. We did this at 10-lm increments up to 90 lm above the plane of minimal foveal thickness, and also at 3 lm (the lowest height for which these measurements could be made unambiguously for most eyes). We did not measure lateral distances at heights above 90 lm, since the maximal foveal height on the temporal side was less than 100 lm for more than 40% of all subjects. For heights of 10 lm and higher, the distances usually could be calculated as the intersection of the horizontal slice with the foveal slope, which was defined by linear interpolation between adjacent points when a measured point was not intersected directly. Occasionally, the horizontal slice intersected several adjacent points at the same height, in which case the average of these adjacent points was used. To quantify the nasaltemporal asymmetry at each height, we subtracted the temporal distance from the nasal distance.
Statistical analyses
Simultaneous comparisons of central tendency across the three subject groups were made using parametric analyses of variance (ANOVAs) unless there were distant outliers, in which case non-parametric ANOVAs (Kruskal-Wallis tests) were used. Post-hoc comparisons between pairs of groups then were made using t-tests or Mann-Whitney U tests accordingly. In the text, none of the reported P-values for post-hoc comparisons have been adjusted for multiple comparisons. Significance is determined using a step-down Bonferroni procedure [26] in which the first (i.e., the most significant) comparison requires a significant ANOVA plus P B .05/3, the second most significant comparison requires a significant first comparison plus P B .05/2, and the third requires a significant second comparison plus P B .05.
Additional statistics concerning within-group comparison of paired variables and linear regression are reported in the text. All analyses were conducted using SYSTAT 11.0 (San Jose, CA). All P-values are for 2-sided tests.
Results
The section ''Results'' contains three subsections, which: (1) compare foveal shape indices across the three primary groups of subjects (anastrozole users, control subjects and tamoxifen users for whom PVDs were not detected and presumed absent), (2) assess relations between refractive error and the topography of the fovea at its base, and (3) extend analyses concerning refractive error to address the presence vs. absence of PVDs. Refractive error is important to assess because myopia is a major risk factor for PVDs [8] .
Comparing the foveal shapes of the different groups
The foveal profiles for each of the three primary subject groups (median data) are shown in Fig. 1 . The abscissa represents distances from the position of minimal thickness in the nasal (left) and temporal (right) directions, and the ordinate represents the degree by which the thickness of the fovea at any given locus exceeds the minimal thickness. Values along this ordinate are referred to as foveal heights. Normalization to the locus of minimal thickness reduces the influence of expected fixation disparities [27] , and it provides a canonical way for extracting information about foveal shape.
The foveal profiles of the three groups appeared to begin diverging at heights of *30 lm temporally and higher nasally (if at all). By a height of 70 lm, a pronounced nasaltemporal asymmetry was evident for the anastrozole users, with the distance to the temporal side of the fovea being less
than the distance to the nasal side (P = .045, Wilcoxon signed ranks test). Furthermore, the nasal-temporal asymmetry differed significantly among groups (P = .014, non-parametric ANOVA). The unadjusted P-values for comparisons involving pairs of groups were: (a) P = .006 for anastrozole users vs. control subjects, (b) P = .116 for anastrozole users vs. tamoxifen users, and (c) P = .100 for tamoxifen users vs. control subjects. The between-group comparisons for a height of 80 lm were qualitatively similar to those for 70 lm despite the loss of one anastrozole user and three control subjects whose maximal temporal heights did not reach 80 lm. At 60 lm, the corresponding ANOVA yielded P = .077. Overall, the data show that the foveal profiles of anastrozole users and control subjects differ. For the anastrozole users, the distance to the temporal side of the fovea was less than the distance to the nasal side towards the upper margin of the fovea. The profiles of tamoxifen users seem to be intermediate in that they more closely resemble the profiles of the control subjects nasally and they are closer to the profiles of the anastrozole users temporally, but these observations are not conclusive. For the control subjects, the distance to the nasal side of the fovea was significantly less than the distance to the temporal side at heights of 70 lm (P = .018, paired t-test) and 80 lm (P = .018, paired t-test), but this direction of asymmetry is unextraordinary [27] since the nerve fiber layer exits the fovea along the horizontal meridian in the nasal direction to form the papillomacular bundle [28] , thereby causing the nasal side of the fovea to become thicker than the temporal side. This routine observation shows how extraordinary the results are for the anastrozole users.
The data are consistent with the view that for anastrozole users without PVDs, the upper temporal aspect of the fovea tends to be pulled by the vitreous towards the optic nerve head (ONH), which is located nasal to the fovea and which provides an anchor for the vitreous [12, 25] . This view is supported by the data in Fig. 2 , which plots the individual nasal-temporal difference vs. the distances to the nasal (left) and temporal (right) sides of the fovea, all at a height of 70 lm. These graphs reveal that the nasal-temporal difference tended to vary systematically mainly with the distance to the temporal side. For subjects with PVDs, evaluation of shape distortions is complicated by the observation that PVDs usually were partial rather than complete, and bore a variety of positional relations to the fovea. The substantial heterogeneity precludes analyzing foveal topography data for PVD subjects at the present time.
Relations pertaining to the base of the fovea As stated in the preface to the Results, myopia is a major risk factor for PVDs [8] . Since myopic eyes tend to be longer than non-myopic eyes [29] , the stretching forces exerted on the retina from its scleral (i.e., non-vitreal) side might distort the fovea at its base [30] . More specifically, since the nasally located ONH serves as breaker for these forces [31] , we would expect the temporal side of the foveal base to be wider than the nasal side for myopic eyes. This possibility is evaluated next. Figure 3 plots the nasal-temporal differences at a height of 10 lm vs. the spherical equivalent refractive error for control subjects without PVDs. The linear relation between these two variables is highly significant (r = -.54, P = .008) in the expected direction. This result itself constitutes evidence that tractional forces can distort the fovea, and together with the results from the previous subsection, it indicates that several tractional forces act on the fovea.
Similar results were obtained at heights of 3 lm (r = -.64, P = .001) and at 20 lm (r = -.42, P = .048). At sufficiently great heights, there was no discernable relation between refractive error and nasal-temporal asymmetry.
It is uncertain whether comparable nasal-temporal asymmetries were related to the degree of refractive error for the tamoxifen users. At 10 lm, for example, r = -.31 Fig. 1 Graph of the height above the minimal foveal thickness (i.e., of the degree by which the thickness of the fovea at a given locus exceeds the minimal thickness) vs. the lateral distance from the locus of minimal thickness to the foveal slopes in the nasal (left) and temporal (right) directions. Squares (h) represent median data of anastrozole users, circles () represent median data of control subjects, and crosses (9) represent median data of tamoxifen users. Connecting lines are unbroken for the anastrozole users and control subjects, and are dashed for the tamoxifen users. Although heights vary along the ordinate and the distances vary along the abscissa, distance is the dependent variable. Data at a height of 90 lm are not included since the maximal height on the temporal side was \90 lm for 10 of 56 subjects. All units are in microns (lm). Note that the scales on the two axes differ. The locus of minimal thickness itself defines a height of 0 lm. Non-PVD subjects only (P = .21) after excluding an outlier flagged by SYSTAT. For the anastrozole users, there was little evidence for a relation between refractive error and nasal-temporal asymmetry (e.g., r = -.23 at 10 lm), but as shown later, non-PVD anastrozole users tended not to be myopic.
Because the foveal minimum often was displaced from the center of the OCT scan line, the location of this minimum could have differed systematically between groups. The average position of the foveal minimum (± 1 SEM) relative to the center of the scan was located at 64 ± 23 lm temporal, 10 ± 14 lm temporal, and 21 ± 22 lm temporal for the anastrozole users, control subjects, and tamoxifen users, respectively. These means did not differ significantly (P = .164) as assessed using an ANOVA. Nevertheless, the data suggest that the position of the foveal minimum might depart from normal for anastrozole users.
Refractive error differences between groups
Anastrozole users without PVDs were less myopic than were each of the two other subject groups without PVDs. This is seen in Fig. 4 , which plots the means and SEMs for the spherical equivalent refractive error for these three groups. The overall significance level for the ANOVA was P = .032, with the comparison for pairs of groups being significant for anastrozole users vs. control subjects (unadjusted P = .014). For anastrozole users vs. tamoxifen users, the unadjusted significance level was P = .027. Only 3 out of 13 non-PVD anastrozole users had any degree of myopia, compared with 13 of 23 non-PVD control subjects, and 12 of 19 non-PVD tamoxifen users.
A plausible interpretation of these unforeseen results is that the ability of anastrozole to increase vitreo-retinal traction (see the first subsection of the Results) makes anastrozole users more susceptible to the development of myopia-induced PVDs. Furthermore, since the control Fig. 2 Graphs of the lateral distance to the nasal side of the fovea at a height of 70 lm minus the corresponding distance to the temporal side at the same height vs. the component distance to the nasal side (left) and to the temporal side (right). Same symbols as for Fig. 1 except that the filled square (j) signifies data from the one anastrozole user with outlying data. When this subject was retested *2.5 years later (at age 54 years), her acuity had decreased from 20/20 to 20/25 and her nasal-temporal profile had become asymmetric in the opposite direction, more like that of most anastrozole users, for whom the distance to the temporal side of the fovea was less than the distance to the nasal side. All units are in microns (lm). The scales on the two axes are the same. Non-PVD subjects only subjects with PVDs were more myopic than the anastrozole users with PVDs, (P = .042, t-test), it seems that myopic anastrozole users were underrepresented generally. We used a t-test rather than a 3-level ANOVA because (a) only 6 of 25 tamoxifen users had PVDs, and (b) the tamoxifen users with PVDs used their medication significantly longer (P = .041, t-test) than did the tamoxifen users without PVDs (see Table 1 ). This result suggests that short-term tamoxifen users with PVDs may also have been underrepresented.
Discussion
The results are consistent with the hypothesis that the foveas of women who use the AI anastrozole are subjected to more vitreo-retinal tractional force than are the foveas of women not using hormonal medication. In particular, the shape of the fovea appears to be altered, with the temporal side being displaced nasally near the foveal margin (*500 microns from the foveal center), and with the base probably shifted somewhat temporally. The displacement near the margin can exceed 100 microns, corresponding to *0.35 o or more of visual angle [32] . For reference, 0.35 o is equivalent to the angle subtended by an object one centimeter wide viewed at a distance of one meter, or to approximately the angle spanned by the width of a pencil viewed at 25 inches. Overall, the fovea may be subjected to opposing tractional effects exerted from the vitreal and scleral sides of the retina, with the vitreous exerting a force containing a nasal-ward component vector, and with the scleral side exerting a force containing a temporal-ward component. The net result would be a shearing action.
Since every subject had 20/20 or better best-corrected visual acuity, the asymmetries of foveal shape must be compatible with the maintenance of excellent acuity. This probably means that the inferred distortion of foveal shape does not appreciably alter the spatial relations of the foveola (i.e., most densely packed) cone photoreceptors at their light gathering apertures, but instead mainly displaces the cone axons and other overlying neural processes that transmit and process visual information. Because this study was cross-sectional and required subjects to have excellent acuity in order to be eligible, the ability of any anastrozoleinduced traction to cause acuity loss remains unknown. However, we observed in hindsight that the anastrozole users tended to have relatively little myopia. Because myopia is one of the strongest risk factors for PVDs [8] , we may conjecture, therefore, that the combination of myopia with anastrozole use leads to a degree of traction that can cause vision change. Similarly, the low prevalence of myopia in our sample may have led us to underestimate the degree of traction among anastrozole users, and it is possible that disproportionately many anastrozole users opted not to volunteer for the study because they felt their vision no longer was normal, whether or not they ascribed their vision change to their anastrozole use. For the purpose of testing these conjectures and for most other reasons, it would be desirable to test anastrozole users longitudinally, before and after they start adjuvant therapy. It would also be desirable to determine whether corresponding effects occur for women using letrozole as initial adjuvant therapy, or as a result of switching from tamoxifen to an AI such as exemestane.
The foveal shape data are consistent with an ability of tamoxifen to increase vitreo-retinal traction, but the empirical results are neither conclusive nor definitive. However, tamoxifen has been reported to increase the prevalence of macular holes by about 5-fold [33] , so it seems likely that tamoxifen can sometimes increase or exacerbate vitreo-retinal traction.
What are the implications for patients? Without baseline data, it is difficult to assign a cause to any relatively subtle visual changes that individual patients using anastrozole might experience. For women in their forties or fifties, a change in vision might result from or be attributed to the development of presbyopia, particularly if the corrected visual acuity remains excellent. For women in their sixties or older, a change in vision might result from or be attributed to the development of cataracts, particularly since tamoxifen can cause cataracts [22] (although perhaps by non-estrogenic means [34] ). In addition, the prevalence of dry eye increases with age after menopause [35] and might result from hormonal imbalance [36] . The concern is that a medication-induced change in vision may sometimes be dismissed, either by the patient or her provider, Fig. 4 The mean spherical refractive error ± the standard error of the mean (SEM) for the anastrozole users, control subjects, and tamoxifen users. Units are diopters. Data from non-PVD subjects only incorrectly as an inevitable consequence of aging. There is evidence that reductions or changes in estrogen levels can affect temporal visual response properties [17] , which might lead to subtle changes in visual perception. It remains unknown how intraocular changes due to anastrozole might affect the eyes or vision of women who have conditions such as diabetes or age-related maculopathy, or how long-term use of anastrozole may affect eyes generally. Prospective longitudinal studies with baseline data are needed.
